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Abstract
Currently in the US there is a push to reduce the nation’s energy dependence from foreign fuel
sources. One of the most abundant fuels in the US is coal with the nation’s coal reserve
accounting for 25% of the coal in the world. Due to coal being an abundant resource in the US
and the need to reduce the dependency on foreign fuel sources coal derived synthetic fuels have
been studied for use in gas turbines. Modern gas turbine combustors must operate over a range of
different fuel compositions which includes fuels with high hydrogen fuel content (HHC). To
ensure the implementation of HHC in power generation without negotiating operational or
emission advantages, a study of the flame stability regime and behavior of HHC under realistic
gas turbine condition is needed. Thus this thesis presents the development of an optically
accessible high-pressure turbine combustor. The design parameters of the combustor developed
are based on a 500 kW power and 1.5 MPa pressure which is representative of an actual gas
turbine. Furthermore, the combustor has the flexibility of operating with variable syngas
compositions along with a variety of fuel to analyze the flame structure, flow field
characterization using high speed particle image velocimetry (PIV), and flashback propensity in
high hydrogen content fuel under realistic gas turbine condition. The combustor has been built
and

tested

and

is

available

for

use

v

for

testing

of

a

variety

of

fuels.
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1. Introduction
1.1 INTRODUCTION
Currently in the US there is a push to reduce the nation’s energy dependence from foreign
countries. One of the most abundant fuels in the US is coal with the nation’s coal reserve
accounting for 25% of the coal in the world [US DOE 2011]. Coal is primarily used for electric
power production and currently produces more than half the electricity produced in the US [US
DOE 2011]. Due to coal being an abundant resource in the US and the need to reduce the
dependency on foreign fuel sources coal derived synthetic fuels have been studied for use in gas
turbines. Gas turbines have been used for power generation since 1939 and were first explored
by the Brown Bovery Company located in Neuchâtel, Switzerland [ASME 1988]. Current
application for gas turbines include the gas and oil industry, emergency power generation
facilities, independent power production, and a number of other industrial applications [EPA
2000].

A gas turbine is an internal combustion engine operating with rotary motion. The main
components of the engine are the compressor, the combustor, and the turbine. In the compressor
section air is drawn in and compressed where it is then directed to the combustion chamber
where fuel is added, ignited, and burned. The hot gases produced are then routed to the turbine
section where energy from the exhaust gas is recovered in the form of shaft power. More than 50
% of the power produced is then routed to supply the motion of the compressor, while the rest is
available to drive and external load [EPA 2000]. The exiting heat content from the exhaust gas is
then discarded with the following applications: without heat recovery in an open cycle, recovered
with heat exchangers, and can be used to preheat the air entering the compressor in a
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regenerating cycle, or recovered to produce steam used in a steam turbine for power production
in a Rankine cycle [EPA 2000]. Typical Brayton Cycle thermal efficiencies range from 15-42
percent [EPA 2000].

Synthetic fuels have the capability to produce lower pollutant emission compared to traditional
coal derived power sources. Due to the use of alternative types of fuels such as synthetic gas,
modern turbine combustors will be required to operate over a range of different fuel
compositions which includes fuels with high hydrogen fuels content. Hydrogen a common
component of a syngas fuel mixture cause high laminar flame speed, changes the range of
flammability limits, and increases the propensity of a flame to flashback [Daniele et al. (2010)].
Flashback is defined as the point when the flame propagates upstream of the region where it is
intended to affix. Flashback may occur due to propagation in the core flow, propagation in the
boundary layer, propagation due to combustion induced vortex breakdown, and propagation due
to combustion instabilities [Tse and Zhu 2004]. Due to the use of these newly developed fuels
the need to study flame characteristics under particularly realistic turbine conditions is needed.

1.2 OBJECTIVE
The main objective of this thesis is to detail the design of an optically accessible high pressure
combustor which can operate with a variety of fuels. This thesis will cover many design aspects
of the high pressure combustor test section which will incorporate the use of a cooling system,
fittings, and test facilities. Also included is the heat transfer analysis: FEA, CAD modeling,
manufacturing, part assembly, current status of the testing facility, and future work needed.
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1.3 DESIGN PARAMETERS AND CONFIGURATION
The combustor is designed to operate up to 1.5 MPa and temperatures reaching up to 2400K.
This temperature and pressure is selected due to the high hydrogen fuel composition that will be
used in testing as well as pressure representative of an actual gas turbine. The air mass flow rate
is designed to be a maximum of 81.93 g/s and will be provided by a continuous compressed air
supply. The fuel used will be (H2-CO) with a maximum flow rate of 35.77 g/s, with hydrogen
being varied up to 30 percent of the fuel composition.

The combustor is composed of four primary modular sections including an inlet static mixer, an
inlet cap, an optically accessible combustion chamber, and a variable exhaust throat area
restrictor composed of a converging nozzle and exhaust. The combustor will incorporate a
cooling system in the inner and outer section of the combustor. The combustion chamber will
also be operable while accommodating a configurable quartz burner to help show how the burner
geometry can affect flashback and the use of instrumentation ports to measure pollutant
emissions. The CAD model of the combustor can be seen below in Figure (1)
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Figure 1 CAD Model High Pressure Combustor
1.4 THESIS ORGANIZATION
Chapter 1 provides the main objective and a brief description of the design configuration and the
operating parameters of the combustor.

Chapter 2 provides a summary of current operational combustors operating at comparable
conditions and used for similar research..

Chapter 3 will cover heat transfer calculations and FEA of the components. Also included will be
the cooling flow needed.

Chapter 4 will cover the design configuration of the combustor, dimensions, bolt calculation, as
well as the stand for the test facility, manufacturability, and assembly.

Chapter 5 will cover the results of the test facility and future work needed.
4

2. Background and Literature Review
As a starting point in the design and development of the high pressure combustor presented in
this thesis it was necessary to investigate previous design and tested combustors operating under
similar conditions. This chapter will review some of these combustors in operation and discuss
the similarities and differences between this current design and those previously developed. Also
included will be the current operation ambient combustor being used at the University of Texas
at El Paso (UTEP) and the influence it had on the development of the current design.
2.1 UTEP AMBIENT COMBUSTOR
Currently at UTEP there is an operational optically accessible combustor operating under
ambient conditions. The design is of importance due to the correlation and design parameters
taken from the previous design and used in the current design. The main area of research the
ambient combustor has been used for pertains to flashback properties in syngas fuels. Various
test and journal publications have been published (Bidhan et. al 2011), using the ambient
combustor as a test facility, pertaining to that study.
Different fuel mixtures have been used in the combustor including

and

mixtures. The combustor rig is shown in Figure (2) and is set up using four configurable models:
the inlet manifold, static mixer, swirler burner with quartz tube, and the combustion chamber.
The quartz windows located on the main combustion section allow for high speed imaging of
flashback characteristics. The inner dimensions for the combustor is 130 millimeters similar to
the high pressure combustor as well as the fuel and air inlet manifold design and static mixer.
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Figure 2 UTEP Ambient Combustor
2.2 HIGH PRESSURE COMBUSTORS
There are currently a number of different combustors being used for related experiments and
using similar operating conditions. These combustor designs were reviewed and taken into
consideration with the current design. A brief description and operating conditions are listed
below.
In Cambridge University High Pressure Combustion Lab a combustor was design to operate up
to 600 °C and 1 MPa with an air mass flow rate of .9 kg/s. The use of an optical section with
120x130 mm^2 windows were used and combustion takes place in a 130 mm diameter quartz
tube, the same dimensions and materials as our current design. The Cambridge combustor also
6

implements a cooling system with air flowing between the inside quartz chamber and outer
chamber and was used as a starting reference point for the cooling system of the current
combustor developed. The pressure drop in the combustor is controlled using a variable area
flow restrictor in the exit nozzle similar to our current design (Cambridge 2009).
The University of California Irvine Combustion Laboratory (UCICL) has two operational testing
combustors. One used for high pressure combustion experiments with optical access, the second
used for long duration experiments. The flow rate reaching 1 kg/s and pressure up to 15 bar
(Irvin 2011).
The National Energy Technology Laboratory (NETL) has two operational high-pressure
combustor facilities. A dynamic gas turbine with optical access and operating pressures of up to
10 bar and air flow at .75 kg/s while using natural gas and liquid fuels. The second combustion
facility is used for computational fluid dynamic testing and modeling of combustion. The
combustor has optical access and can operate with variable fuel and pressures up to 22 bar
(National Energy Technology Laboratory)
Pennsylvania State University’s High Pressure Combustion Lab performs test in the area of
solid-fuel formulation, development, and propulsive performance. The use of a high Solid
Propellant Strand Burner (SPSB) with pressure in the chambers reaching up to 655 bar with
optical access used to investigate the flame spreading process. Also in use is an “Ultra High
Pressure Strand Burner” with pressures up to 2068 bar (PSU 2011).
Physical Science Inc. has developed an optically accessible combustor for planar laser induced
fluorescence measurements. The combustor utilizes commercial styled gas-turbine fuel injectors
and has the capability of operating at pressures up to 50 bars. Current work has been limited to
7

operating at 20 bars with a maximum flow rate of 0.4 kg/s. The inlet air is preheated to a
temperature ranging from 400 K to 550 K before combustion. The combustor design consists of
four main components: a pressure vessel with inlet and exhaust flanges, fuel injection support
and linear system, water cooled exhaust orifice, and a water cooled exhaust test section. The
combustion gases are contained using a ceramic liner that protects the chamber from the heat
load of the flame. The region between the liner and outer pressure vessel is purged with nitrogen
flow. As the exhaust gas exists the chamber, it is water cooled in the exhaust section (J.H.
Frank, M. F. Miller, M G. Allen)
A high-pressure design was also designed in Italy using natural gas and hydrogen as the fuel
source. The combustor is rated at 10 bars and can operate under duel fuel operation (liquid and
gaseous).

An axial swirler device is used operating with 8 holes for fuel injection. The

combustor is air-cooled and utilizes 800 louvers to cool down the chamber wall. The flame is
stabilized using a combination of a swirler as well as recirculation of air. The test rig consists of
an alloy steel pressure vessel, designed in modular form, utilizing a lamination valve at the exit
to control the pressure in the combustor. The combustor metal temperature, air flow, and burner
exit temperatures are recorded using thermocouples with an operating range of 400 to 1200 °C.
The use of pressure taps is also implemented to monitor pressure drops and high frequency
response pressure transducers to measure pressure fluctuation (Tomezak, et al)
Sato study involved a high pressure combustor with a cylindrical section of 500mm and a length
up to 600 mm for combustion. The use a removable electric heater is used for ignition. The
combustor has optical access with nine windows on the chamber walls. The pressure rating of the
chamber reaching up to 200 bar and temperatures reaching up to 900 K. Fuel is sprayed with the
use of a high pressure pump and injected into the accumulator (Konishi et al., 1988).
8

3. Design Methodology
3.1 ADIABATIC FLAME TEMPERATURE
The first step in the design of the combustor was to calculate the adiabatic flame temperature of
combustion. The use of the software STANJAN was used to calculate the adiabatic temperature.
The values used for calculation can be found in Appendix A. The fuels used were a mixture of
carbon monoxide (CO), hydrogen (H2), and air. The balanced equation for a 70% CO 30%
fuel mixture is presented below.
(

)

The adiabatic flame temperature using STANJAN was found to be 2400 K. This was set as a
parameter for the temperature which the combustor would be theoretically subjected to.

3.2 WALL TEMPERATURE
After finding the adiabatic flame temperature it was then needed to find the inner wall
temperature of the combustor in relation to time. Due to the combustor being composed of
modular sections and operable under different configurations it was necessary to find the wall
temperature for both stainless steel and quartz materials. Equation (1) and Equation (2) was then
used to solve for the inner quartz and stainless steel wall temperature as a function of time. The
temperature plot for the quartz stainless steel wall can be seen in Figure (3) and Figure (4)
respectively and Table (1) list the properties used.
̇
̇

(

(

)
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)

(
̇

)

(1)

(2)

Table 1 Equation 1 and 2 Properties
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Figure 3 Stainless Steel Wall Temperature as a Function of Time
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Figure 4 Quartz Temperature as a Function of Time
3.3 FINITE ELEMENT ANALYSIS
Once the adiabatic flame temperature and the initial wall temperature was calculated it was then
necessary to use finite element analysis to find the safe operational conditions and dimensions of
the combustor. The use of the program UGS NX and NX Nastran was used to conduct the
analysis.
3.3.1 Quartz Tube
The first analysis conducted was on the quartz tube. The thickness of the quartz was found by
iterating the wall temperatures and thickness of the quartz tube using NX Nastran Design
Simulation until an operating temperature of 1100K and a wall thickness of 58 mm was found to
give an acceptable result. For the design simulation a fixed constraint was placed in the end of
the quartz tube limiting the movement of the six degrees of freedom representing the actual
constrain on the ends of the quartz tube occurring due to the end cap and front cap restricting
pockets. A temperature load of 1100 K was used representing the wall temperature
simultaneously with a pressure load inside the tube of 1.5 MPa. A 10 node tetrahedral mesh was
used with an overall element size of 0.0127 meters. This size mesh was checked by performing
11

multiple iterations with decreasing element size and was found to converge on the given results
with changes being minimal. The quartz properties in the finite element analysis can be found in
Table (2) while the FEA results in Figure (5) and Figure (6) show the displacement and stress
analysis of the quartz tube. The maximum stress results where 43.11 MPa while the maximum
tensile stress of 50 MPa is given for the fused quartz material. A maximum displacement of
0.005969 millimeters occurs in the mid section of the quartz tube. Deformations are set at a
factor of 10 to show displacement location.

Table 2 Fused Quartz Properties (Heraeus 2009)
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Figure 5 Quartz Tube Displacement

Figure 6 Quartz Tube Stress Analysis
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3.3.2 Combustion Chamber
The finite element analysis was then needed to determine the wall thicknesses of the combustor
as well as the operational temperature of the combustor walls. The thickness of the combustion
wall was found by iterating the wall temperatures and thickness of the stainless steel chamber
using NX Nastran Design Simulation until an operating temperature of 350K and a wall
thickness of 88.9 millimeters was found to give an acceptable result. A 10 node tetrahedral mesh
was used with an overall element size of 12.7 millimeters. This size mesh was checked by
performing multiple iterations with decreasing element size and was found to converge on the
given results with changes being minimal. The stainless steel properties in the finite element
analysis can be found in Table (3) while the FEA results in Fig (7) and Fig (8) show the
displacement and stress analysis of the combustion chamber. The fixed constraints placed in the
FEA analysis model where located on the outer radial region of the end cap and front cap
representative of the constraints placed by the connection to the mounting of the frame limiting
the six degrees of freedom. The maximum stress results were 355.08 MPa while the minimum
yield strength is 575MPa given for the stainless steel 410. A maximum displacement of 0.13462
millimeters occurs in the mid-section of the stainless steel chamber. Maximum stresses were
found inside the window covers corners and edge of the instrumentation ports due to the change
of geometry inside the chamber causing stress raisers and creating a region where stress
concentration occurs (Budynas et al. 2008)

14

Table 3 410 Stainless Steel Properties (Azom)
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Figure 7 FEA Combustion Chamber

Figure 8 FEA Displacement Combustion Chamber
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3.3.3 Window Covers
The finite element analysis of the window covers was conducted. A 10 node tetrahedral mesh
was used with an overall element size of 5.08 millimeters. Stainless steel 410 was used and the
properties used in the finite element analysis can be found in Table (3) while the FEA results in
Figure (8) and Figure (9) show the displacement and stress analysis of the curvature connection.
The fixed constraints placed in the FEA analysis model where located on the bolt slots in the
window covers representative of the constraints placed by the steel bolts. A temperature load of
350 K and 1.5 MPa pressure was used in the analysis both loads placed on the inner quartz
window. The maximum yield strength results where 290.95 MPa while the minimum yield
strength of 575 MPa is given for the stainless steel material

Figure 9 FEA Displacement Analysis Window Covers
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Figure 10 FEA Stress Analysis

3.3.4 FEA of Stand Mounting Connection
The finite element analysis of the design curvature connection between the mounting table and
combustor was also needed. A 10 node tetrahedral mesh was used with an overall element size of
5.08 millimeters. The A36 properties in the finite element analysis can be found in Table (4)
while the FEA results in Figure (11) and Figure (12) and show the displacement and stress
analysis of the curvature connection. The fixed constraints placed in the FEA analysis model
were located on the bottom ends of the model representing the constraints placed by the welding
of the curvature connection to the table used. A temperature load of 350 K was used and the
calculated weight of 76 kN was used to represent the actual weight of the combustor. Also a load
of 2.68 kN the maximum calculated force for the thrust created from the combustor, was placed

18

on the side of the bolt holes representative of the actual operating condition. The maximum
stress found was 122.7 MPa while the maximum yield strength of 250 MPa is given for steel
A36 material.

Table 4 Steel A36 Properties (Matweb)
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Figure 11 Stress Analysis Curvature Mounting Connection

Figure 12 Displacement Analysis Curvature Mounting Connection
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3.4 HEAT TRANSFER ANALYSIS

The calculations performed in the previous section show the need to lower the wall temperature
of both the combustor wall and the quartz tube. This is accomplished by two cooling methods.
One is the use of nitrogen inside the chamber between the outer stainless steel combustor and
quartz tube and the other is the use of copper cooling coils filled with running water wrapped
around the outside of the combustion chamber.

3.4.1 Quartz Tube Main Combustion Configuration
When operating with the quartz tube inside the stainless steel chamber FEA shows the need to
lower the temperature from 2400 Kelvin to 1100 Kelvin in order to avoid failure. This is
accomplished with the use of the nitrogen flow inside the combustion chamber. To calculate the
heat needed to be removed the use of Equation (3) was used with the specific heat based off of
the weight mass fraction sum.

̇ ∫ (

)

(3)

A total of 162.57 kW was determined to be removed to maintain a safe wall temperature.
Equation (4) was then used to calculate the mass flow rate of nitrogen needed to remove 162.57
KW of heat giving us the mass flow rate of .19 kg/s nitrogen needed to bring the temperature of
the quartz tube down to 1100K.

̇ ∫
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(4)

After obtaining the nitrogen flow needed to lower the wall temperature to 1100 Kelvin the next
step is to calculate the mass flow rate of water needed to cool down the outer stainless steel
chamber. Using Newton’s law of cooling seen in Equation (5)
̇

(

)

(5)

and rearranged to Equation (6)
(

̇

)

(6)

Table 5 Equation 6 Properties

K

Gives a total heat transfer of

̇

. Using Equation (7) to solve for the outer

surface temperature
̇
we obtain an outer surface temperature of

(

)

(7)

364 K. Using Equation (3) a total of 1.28 kW of

heat are needed to be removed. Then using Equation (8)
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̇ ∫

(8)

We obtain a total mass flow rate of .008 kg/s of

O needed to lower the outer stainless steel

wall temperature form 364K to 350 K. The low mass flow rate of water needed outside the
chamber is due to the inner cooling use of nitrogen inside the chamber.

3.4.2 Stainless Steel Main Combustion Chamber Configuration
When operating with the stainless steel chamber as the main combustion chamber the wall
temperatures can theoretically be 2400 K was determined. Due to these high temperatures the
need to cool the combustion walls to 350 K was determined finite element analysis. Using
Equation (3) the total amount of heat needed to be removed was found to be 393 KW. The mass
flow rate of

needed to remove the heat is then calculated using Equation (9) this

corresponded to a water flow rate of 1.21 kg/s and the calculations can be seen in Appendix E.
Also included is the use CFD model using FLUENT simulating the use of a 2.54 cm thickness
cooling jacket showing the relationship of the mass flow rate and temperature under a constant
heat flux load and can be found in Appendix F.

̇ ∫

(9)

3.5 PUMP SIZING AND MASS FLOW ANALYSIS
Once the maximum mass flow rate was calculated the next step was to calculate the head losses
occurring in the piping system and the sizing of the pump was needed. The proposed cooling
system will incorporate the use of a 2,200 liter holding tank for the water, a 3.81 cm diameter
pipe acting as the connection from the tank to the pump and from the main combustion chamber

23

to the discharge line, as well as .635 cm diameter pipe that will wrap around the combustor as
shown in Figure (13). If operating for 30 minutes a total of 2,167 liters would be used.

Figure 13 Cooling Coil
Bernoulli's equation shown in Equation (10) was used to calculate the head losses.

(10)

Where

includes the losses that occur due to entrance loss, friction loss in the 3.81 cm diameter

and .635 cm diameter line, valve fitting, 90 degree angle elbows, flow through branch losses, and
the exit loss occurring. An assumption of 10 meter of 3.81 cm steel pipe was assumed and 20
meters of .635 cm diameter pipe was assumed to be used in the cooling wrap of the combustor. A
total of four 90 degree angle elbows at 3.81 cm diameter where assumed, and 80 flow through
branches where assumed to be used in the wrap around the combustor. Also an elevation
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difference of 1.2 meters where assumed to occur between the exit discharge line to the top of the
storage tank limit. A total of 9.37 meters of head loss was calculated to occur using the assumed
conditions. The pump sizing was calculated using Equation (11) and was found to be 145 W
pump needed assuming .76 pump efficiency. Complete calculations and values can be found in
Appendix E. When operating at 1.21 kg/s and under the assumption stated the use of a cast iron
centrifugal pump from Macmasters part number 99435k23 would be recommended with the
power output being 550 W and a mass flow of 132 Liters/minute while operating at 18.28 meters
of head.

(11)
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4. Experimental Results
The results of the project will bring a unique testing facility that will allow future research in
flame characteristics of coal derived fuels of turbine combustors.

Some initial factors considered included cost analysis, operating temperatures, operating
pressure, dimensional restraints, weight restraints, safety assurance, and feasibility of
manufacturability of the final project. The main design parameters considered for this application
included a chamber operating pressure of 1.5 MPa and temperature of 2400 K. These must be
maintained while designing for safety assurance, dimensional restraint, weight, safety assurance,
and feasibility. This temperature and pressure were selected due to the high hydrogen fuel
composition that will be used in testing as well as the pressure representative of an actual gas
turbine.

The parameters define the synthesis stage of the design. Various preceding design concepts were
researched and investigated as well as independent proposals for the design was undertaken.
Each concept was analyzed, revised, improved, or discarded as the project progressed in an effort
to optimize the best design where all the set parameters are met.

Evaluation of the design is completed through a pressure leakage test. The design phases taken
from Budynas et al (2008) are summarized in Figure (14) and show the different feedbacks and
iterations of each stage.
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Identification
of Need

Definition of
Problem

Synthesis

Analysis and
Optimization

Evaluation

Figure 14 Design Process (Budynas 2008)
The description, dimensions, and purpose of each combustor part will be covered in the
upcoming sections. The overall design of the combustor can be seen in Figure (15) and Figure
(16) and include the three main sections of the combustion chamber. The end cap, main
combustion chamber, front cap, as well as various other components that were implemented in
the design.
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Figure 15 Overall Design of Combustion Chamber

Figure 16 Inside Schematic of Combustion Chamber
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4.1 INLET MANIFOLD
The combustion process in some types of gas turbine can be classified into two types of
combustion. The first being a diffusion flame where the fuel air mixture occur in the combustion
chamber. The other is lean-premixed combustion where the fuel and air are previously mixed
away from the combustor section in an effort to obtain lean, uniform, unburned fuel/air mixture
[EPA 2000].

The combustor developed will be using a lean-premixed combustion process. The fuel and air is
mixed in the inlet manifold and then sent to the main combustion area. The inlet manifolds main
purpose is to act as a mixing area for the fuel and air mixture and to reduce injection induced
flow irregularities.

4.1.1 Design Description and Dimensions
The inlet manifold in Figure (17) is compromised of three modular sections. The first acting as
the fuel/air inlet mixture section. The second is a removable static mixture section which is
composed of horizontal tubes located inside the chamber that remove irregularities and provide
an improvement towards laminar flow. This section is then attached to third section which
connects the inlet manifold to the main combustor section. The use of flanges are used as
connections between the inlet manifold, three modular sections, and the use of 6.35 millimeters
bolts connect the inlet manifold to the combustor connecting front cap. There is also a pressure
blow out valve located at the third modular section to provide a level of safety in case of
malfunction and an increase of pressure.

The given dimension of the inlet manifold is a 54.5 cm in total length with the three modular
section composed of 35 cm length for the inlet/initial mixture zone, 11.5 cm in length for the
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static mixture section, and 7.6 cm length for the connecting section. The inner diameter of the
piping is 5.08 cm with a 6.35 mm thickness for all three sections. The material chosen was
stainless steel 316 due to availability and an FEA stress analysis resulting in adequate results.

Figure 17 Inlet Manifold
4.1.2 Combustor Operation
The fuel enters through four alternative injection holes located in the inlet section of the
manifold and is supplied by fuel and tanks. The compressed air enters trough one inlet located
next to the fuel injection ports supplied by a high pressure compressor. The fuel and air then
enter into the inlet manifold where initial mixing occurs then pass through a static mixture
section that assists in eliminating injection induce flow irregularities while insuring laminar flow.
From this section the flow is then directed to the main combustor.
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4.2 FRONT CAP
The front cap of the combustor can be seen in Figure (18) and Figure (19) and acts as an inlet to
the main combustor chamber. It houses the ignition system, the swirler, instrumentation holes,
and connects the inlet manifold to the main chamber.

4.2.1Design Description and Dimensions
The front cap is composed of one solid section and the draft with the exact dimensions can be
seen in Index C. The outer radius is 0.4572 meters with a 0.0508 m to 0.0381 m ratio converging
nozzle in the mid section of the model. The use of a converging nozzle is used to house the
swirler and allow the passage of fuel and air mixture into the main combustion chamber. The use
of eight 12.7 millimeters diameter bolts are used to connect the end cap to the main chamber
while the use of 6.35 millimeters diameter bolts are used to connect the inlet manifold to the
front cap. The combustor will operate under two different configurations. One includes the use of
a quartz tube and will be held in place in part by the front cap while the circular pocket seen in
Figure (17) is intended to hold the quartz tube in place.
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Figure 18 Front Cap With Quartz Configuration Slot

Figure 19 Front Cap Connecting Side to Inlet Manifold
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4.2.2 Ignition System
The ignition system is located in the main combustion chamber and the CAD model can be seen
in Figure (20). The use of a spark plug and methane will be used in the igniter and is currently
still being developed for the system. A 19.05 millimeters diameter hole that runs through the end
cap will hold the igniter in place and will provide the flame needed for ignition right below the
main fuel and air entry point.

Figure 20 Ignition System
4.3 AIR DISTRIBUTOR
One of the operational configurations of the combustor employs a quartz tube inside the stainless
chamber as the main combustion compartment. Due to high thermal stress, subjected to the
quartz chamber, it is then necessary to cool the outer quartz chamber with the use of nitrogen.
The need for a nitrogen distributor was then developed to provide even distribution of nitrogen
along the outer quartz chamber.
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4.3.1 Design Description and Dimension
The distributor is hollow in the inner section to allow the flow of air and also has a connecting
tube attached to it where the flow intake of air will originate. There are a total of sixteen
distribution holes with eight of them being pointed an 90 angle and the other eight pointed
towards 180 degree angle towards the quartz outer chamber wall. The design layout can be seen
in Figure (21) while the cooling system flow diagram for the quartz tube can be seen in Figure
(22)

Figure 21 Nitrogen Distributor
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Figure 22 Nitrogen Fuel/Air Flow Schematic
4.4 STAINLESS STEEL COMBUSTION CHAMBER
The main combustion chamber houses the combustion of the fuel and is required to withstand the
high temperatures as well as the operational pressure that will be needed to conduct the various
experiments. The chamber also houses the windows that are needed to give optical access to the
combustion as well as various instrumentation ports to take needed data used for
experimentation.

4.4.1 Design Description and Dimension
The combustor has an inner diameter of 0.2794 meters with an 88.9 millimeters thickness. The
total length of the combustor is 0.6477 meters. Three window ports are located on the two sides
and top of the combustor evenly spaced by 90 degrees off center. The rectangular window slot
dimensions are composed of 317.5 millimeters by 101.6 millimeters length and width with an
additional tolerance of .5 millimeters given to each side to allow the placement of a gasket.
Three circular ports with 50.8 millimeters diameter will allow for either instrumentation devices
to be located or for a circular viewing port at the outer end of the combustor. Eight 1.27 cm
diameter threaded holes are located at each end of the combustor to allow the connection of the
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front cap and end cap that will make up the combustor as a whole. The main material used is
stainless steel 410 due to the high yield stress and desired characteristics compared to other
stainless steel material. The side, angled, and front view of the combustor can be seen in Figure
(23), Figure (24), and Figure (25) respectively.

Figure 23 Combustor Stainless Steel Side View
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Figure 24 Stainless Steel Chamber

Figure 25 Stainless Steel Chamber Front View
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4.5 WINDOW COVERS/ INTERCHANGEABLE INSTRUMENTATION PORTS
4.5. 1Purpose and Design Dimensions
The window covers are needed to hold down the rectangular quartz windows. The outer
dimensions of the covers are made up of 16.51 cm by 38.1 cm length and width while the inner
dimensions are composed of 10.16 cm by 29.21 cm with an overall 2.54 cm thickness. The
windows covers will be attached to the combustor by the use of 24 6.35 millimeters diameter
bolts. The design configuration can be seen in Figure (26)

The instrumentation ports will be used for both optical accesses as well an interchangeable port
for the placement of thermocouple, burst disk, and or pressure transducer. It will also allow for
easy access to the inner combustion chamber and can be used as an entry point to do material
testing inside the combustor. The use of eight 12.7 millimeters diameter bolts are used to secure
ports in place. Figure (27) showing the circular port cover used when operating as a window, and
Figure (28) and Figure (29) showing the cover used when operating as an instrumentation port.
Both window cover and instrumentation ports are made of 410 stainless steel conforming to the
combustor and inlet and end cap material.
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Figure 26 Stainless Steel Rectangular Window Cover

Figure 27 Stainless Steel Round Window Cover
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Figure 28 Stainless Steel Instrumentation Port

Figure 29 Stainless Steel Instrumentation Port Inner View
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4.6 CYLINDRICAL QUARTZ TUBE AND RECTANGULAR WINDOWS
4.6.1 Purpose and Design Dimensions
The combustor is designed to operate under two distinct conditions. One is with the use of a
quartz tube acting as the main combustion chamber. The other is with the tube removed allowing
the stainless steel chamber to act as the main chamber. This allows for different configurations
to show how the burner geometry can affect flashback as well as NOx emission due to being
dependent on burner design.

The quartz tube used has an outer diameter of 22.86 cm, inner diameter of 12.7 cm and a total
length of 63.5 cm. The use of three rectangular quartz windows is also incorporated with the
outer stainless steel chamber for visual based instrumentation. The quartz rectangular quartz
windows are 31.75 cm in length with 5.08 cm thickness and 10.16 cm width with a 6.35
millimeters circular grove on the four corners.

The quartz windows were purchased from Machined Glass Specialist Inc. and were
manufactured from Heraeus Quarzgla Solutions and are TC3© fused quartz. The technical
properties can be found in Appendix B with the transmission spectrum shown in Figure (30). The
wavelength for particle image velocimetry (PIV) used are at 532 nm giving a transmission
percentage of approximately 90% allowing the use of the TSC3 quartz glass manufactured.
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Figure 30 Quartz Transmission Spectrum

Figure 31 Square Quartz Windows
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Figure 32 Inner Quartz Tube

4.7 END CAP
The end cap is made of up of three removable modular sections. They include the converging
nozzle, the nitrogen exhaust disk, and the outer main cap that connects the end cap to the main
combustion chamber. The three part assembly is shown in Figure (33). Although the current
status the end cap is designed in a way that the listed design below can be manufactured to fit the
existing parts.
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Figure 33 End Cap Assembly
4.7.1 Converging Nozzle
The main purpose of the converging nozzle is to control the pressure drop across the combustor.
The throat area was calculated using Equation (12) and was found to be 161.29 mm^2. The
design can be seen in Figure (34) and Figure (35) back and front view while being attached to the
main combustion chamber using interlocking parts and 4 6.35 millimeters diameter stainless
steel bolts.

̇ √

(

√
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Figure 34 Exit Nozzel Bolt View

Figure 35 Exit Nozzle
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4.7.2 Nitrogen Exhaust Disk
The nitrogen exhaust disk is needed when operating with the inner quartz tube configuration.
This disk will align with the end cap exhaust ports and allow nitrogen flow to exit through the
end cap. When the quartz tube is not in use and the nitrogen flow is not needed then it will
possible to replace the nitrogen exhaust disk to a solid circular piece that will block the fixed
nitrogen ports on the end cap. Both arrangements can be seen in Figure (36) and Figure (37).

The disk will be connected to the main end cap and CD nozzle through 6.35 millimeters diameter
stainless steel bolts that will run along the modular sections. The pressure created in the
combustor chamber and the use of grouping will also help in the sealing of the nitrogen exhaust
disk.

Figure 36 Nitrogen Exhaust Disk
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Figure 37 Solid Disk When Operating Without Nitrogen Cooling Flow

4.7.2 Main End Cap
The main end cap acts as a sealant to the main combustion chamber. It is also the link between
the combustion chamber and the exhaust. The outer dimension is 0.4572 meters with a hole with
a 50.8 millimeters diameter for the converging nozzle exhaust port. Also 16 ports for the
nitrogen exhaust ports of the cooling system of the inner combustor are also located on the end
cap. The end cap will be attached to the main combustor by 8 12.7 millimeters diameter stainless
steel bolts. The design set up is seen in Figure (38).
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Figure 38 Main End Cap

4.8 BOLT SPECIFICATION
The bolts used are medium carbon grade 8 alloy steel conforming to ASTM A574 with a
minimum Rockwell hardness of C39, minimum tensile strength of 1241.05 MPa, a proof strength
of 965.26 MPa, and minimum yield strength 1054.89 MPa. All bolts have a black oxide finish
that gives the bolt rust resistance.

The use of eight 12.7 millimeters diameter bolts are used on each the end cap and front cap
providing the connection to the main combustion chamber. A total of twenty-four 6.35
millimeters diameter bolts are used to secure each window cover with a total of seventy-two
bolts used. The instrumentation ports use eight 6.35 millimeters diameter bolts each with a total
of twenty-four bolts used. In addition eight 6.35 millimeters diameter bolts are used to connect
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the exhaust and inlet manifold to the end cap and inlet cap respectively. The bolts were
purchased from MacMasters and CAD drawing with dimensions can be seen in Figure (39) for
the 12.7 millimeters diameter bolts and Figure (40) for the 6.35 millimeters diameter bolts.

Figure 39 12.7 Millimeter Diameter Bolt (Window Cover) [McMasters]
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Figure 40 6.35 Millimeter Diameter Bolts (End Cap/ Front Cap) [McMasters]

The stress placed on each bolt was calculated and the results can be seen in Table (8). Due to the
material of the bolts and the combustion chamber consisting of different material and having
coefficient of thermal expansion different to each other it is then necessary to find the thermal
loading in each bolt. The Equation (13) was used to find the thermal load of each bolt and the
results can be seen in

(
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(13)

Table 6 Equation 11 Properties
Front Cap 12.7 mm
Bolt

End Cap 12.7 mm
Bolt

Window Cover
Bolts 6.35

kj

(350-300) K

The torque specification can be seen in Table (8) and were found using Equation (14)
(

)( )

(14)

Table 7 Equation 12 Properties

Fp

Front Cap 12.7 mm
Bolt

End Cap 12.7 mm
Bolt

Window Cover
Bolts 6.35

11495.9 N

11495.9 N

2016 N
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The overall stress of each bolt can be seen in Table (8) showing a maximum stress of 91.11 MPa
with a yield point of 1055 MPa for the End Cap and Front Cap Bolts.

Table 8 Bolt Stresses
Applicatio
n

Bolt Size

Thermal
Load

Initial
Torque

Tensile
Stress

Yield
Stress

Safety
Factor

End Cap
Bolts

12.7
millimeters
diameter

.368 MPa

43.8 N m

90.75 MPa

1055 MPa

11.6

Front Cap
Bolts

12.7
millimeters
diameter

.368 MPa

43.8 N m

90.75 MPa

1055 MPa

11.6

Window
Cover
Bolts

6.35
millimeters
diameter

.936 MPa

3.84 N m

12.2 MPa

1055 MPa

80.3

Instrument
ation Port
Bolts

6.35
millimeters
diameter

.936 MPa

.724 N m

64.5 MPa

1055 MPa

16.1

4.9 TEST MOUNTING
The main purpose of the test mounting facility is hold the combustor in place and prevent it from
moving due to the trust created from combustion. The use of Equation (15) (Hill and Peterson
1992) was used to determine the thrust created. With an overall thrust of 1966 N.
̇ [(

)(
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]

(

)

(15)

The use of three by 7.62 cm by 7.62 cm square tubing was used with an inner thickness of
9.52500 millimeters. The material used is A36 due to lost cost, availability, and meeting suitable
operating condition found in the FEA. The length and width is 0.8255 meters by 0.7112 meters
with the height being 0.7112 meters. The stand is composed of a two tier system with the
combustor being held in place by four curvature supports. Two if which connect the end cap and
front cap, using 19.05 millimeters diameter bolts, due to the thrust created by the combustor
outlet nozzle. The use of removable wheels is used to position the combustor in place and
dampers attached to the floor will be used when the combustor is operational. The combustor
will be mounted using a two eye bolts attached to the top of the end cap and front cap and a lift
will be used to position the combustor in place. The design of the mounting can be seen in Figure
40 while the curvatures used to attach the combustor can be seen in Figure 40.

Figure 41 Test Stand and Combustor
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Figure 42 Attachment Curvature

4.10 GASKETS
Gaskets are used throughout the assembly to prevent leaks and in place of any metal to metal or
quartz to metal contact. The use of Unifrax high temperature 1600 paper are used with the
complete technical properties listed in Appendix D. The maximum use temperature is given as
1873 Kelvin with a maximum shrinkage of 4 %. The paper is made of high purity crystalline
alumina fiber stabilized by small amounts of silica providing chemical and thermal stability.
[Unifrax].

4.11 MANUFACTURING
After the completed design of the combustor was finalized the manufacturing stage of the project
was undertaken. Currently the manufacturing of the presented design continues to be a working
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project and ongoing work is needed to make the combustor operational. The current status of the
combustor includes the completion of the inlet manifold and testing stand. Also the main
chamber has been manufactured and assemble to allow testing using the stainless steel as the
main combustion chamber. The current completed manufactured parts can be seen in the Figure
14 and show the inlet manifold, end cap, main chamber, window covers, instrumentation covers,
front cap, and testing stand assembled and in its current state. A pressure test has also been
conducted to check for any leaks in the combustor.
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5. Summary and Conclusions
5.1 CONCLUSION
The main objective of this project was to design an optically accessible high pressure combustor.
The following steps were conducted to design and develop the combustor. The adiabatic flame
temperature was determined. The wall temperature was found as a function of time and the
needed flow rate of

and

was calculated to maintain the combustor at a safe operable

condition. Finite element analysis was conducted on the combustion chamber and included the
front cap, main chamber, quartz tube, window covers, quartz windows, and end cap. The design
stages of the combustor were also covered and the design description and purpose of each
individual component was included. The stress analysis of the bolts was conducted and the FEA
and description of the testing stand was also covered.
5.2 FUTURE WORK
The modular design of the combustor incorporates two different testing capabilities. One was the
use of a quartz tube acting as the main combustion chamber the other is the removal of the quartz
tube and allowing the stainless steel to act as the main chamber. Due to time and cost restraints at
this point the combustor can be used only using the latter configuration. If the quartz tube
configuration is needed the end cap and front cap can be machined to allow for this assembly.
The manufacturing of the nitrogen distributor and end cap nitrogen disk would also be needed
for the cooling necessary when using the quartz tube as the main chamber. Also the purchasing
of the quartz tube would be necessary.
Before testing the cooling system will need to be implemented. The use of copper cooling coils
as shown in Figure (13) would be necessary while the water flow rate needed to cool the
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combustor to safe operating conditions can be found in Chapter 3.

The need to develop the

ignition system will also be needed and the control systems necessary to control the fuel/air,
water, nitrogen, and methane will also need to be completed.
5.3 FUTURE TESTING
Once the combustor is completed it would then be possible to conduct experiments to analyze
the flame characteristics using a high speed PIV system to determine the effects of fuel
composition on flame characteristics particularly in realistic turbine conditions.
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Appendix
A. ADIABATIC FLAME TEMPERATURE

Table 9 Heat of Formation at 298 K (kJ/kmol)
CO
H2
O2
N2
C02
H20
CO

-110541
0
0
0
-393546
-241845
-110541

Table 10 Specific Heat 2415 K (kJ/kmol-k)
CO2
H20
N2
CO2

61.402
53.511
36.558
61.402

(

)

Assuming a steady flow process with no work done to the system and adiabatic conditions
HP=HR.

First step is to solve for HR using Equation (14). After HR is found and by assuming an adiabatic
temperature the Cp (Specific Heat) of CO2, H2O, and N2 can be calculated. Using the resulting
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adiabatic temperatures and the Cp given it is then possible to plug it into Equation (15) to solve
for HP. This procedure is then repeated until HP=HR giving the adiabatic temperature.
(

)

( )

( ))

(( )

(( )

( )

( )

(

)

62

(( )

( ))

( ) )

(( )

( ))

(14)

(15)

B. QUARTZ MATERIAL PROPERTIES (Heraeus 2009)
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C. CURRENT PART DRAFTINGS
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D. GASKET (Unifrax)
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E. COOLING CALCULATIONS
H20 Ice Water
Total Heat Removed
Cp
DT
Mass Flow Rate
Mass Flow Rate
1 Liter= 1 Kg
1Liter=.26417 Gallon

Ethylene glycol 100%
Total Heat Removed
Cp
DT
Mass Flow Rate
Mass Flow Rate
Kg=Lt
1Liter=.26417 Gallon

Ethylene glycol 30%
Total Heat Removed
Cp
DT
Mass Flow Rate
Mass Flow Rate
Kg=Lt
1Liter=.26417 Gallon

388.32 KW
4.19 KJ/Kg K
77.00 K
1.20 Kg/S
1.20
1.20
0.32
19.09
1145.60

Kg/s
L/s
Gallons/s
Gallons/m
Gallons/Hour

388.32
2.80
77.00
1.80
1.80
1.62
0.43
25.72
1543.14

KW
KJ/Kg K
K
Kg/S
Kg/s
L/s
Gallons/s
Gallons/m
Gallons/Hour

388.32
3.33
77.00
1.52
1.52
1.37
0.36
21.66
1299.48

KW
KJ/Kg K
K
Kg/S
Kg/s
L/s
Gallons/s
Gallons/m
Gallons/Hour
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Boiling Point 370
K
350-273

Boiling Point 470
350-273 K

Boiling Point 377
350-273 K

Assuming atmospheric conditions in tank and exit.

Q=Volumetric Flow Rate
Mass Flow Rate
Density
Length
Pipe Diameter
Area 1.5 in Pipe
Velocity 1.5 in
Area
Velocity .25 in

0.001
1.210
998.200
10.000
0.038
0.001
1.063
0.000
0.957

(.25) V^2/2g
(1.5 in) V^2/2g
Z2
Z1
Entrance Loss H1
Friction Line H2 1.5 in D
Friction Line H3 .25 in D
Valve Loss H4
Flow Through Branch
H5
90 Elbow H6
Exit loss H7

0.047
0.058
1.200
0.000
0.029
0.318
0.711
0.412

m
m
m
m
m
m
m
m

Assuming Square Edge K=.5
f Friction Factor=.021
f friction factor=.029
Assuming Glove Valve K=340*f

6.499
0.145
0.058

m
m
m

Flow Through Branch K=60* f 80 total
Elbow K=30*f 4 total
K=1

9.371
30.736

m
Ft

Total Head Loss HA

y

m^3/s
Kg/s
Kg/m^3
m
m
m^2
m/s
m^2
m/s

is assumed to be approximate zero.

9792.342
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Assuming 40 Line Distribution Around Combustion Chamber

Power of Pump

145.368
0.195

W
HP
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F. FLUENT ANALYSIS

Temperature: Outlet View
Simulation of the Flow Field of Water over the Stainless Steel Chamber
Assuming the Use of a Cooling Jacket
Mass Flow Rate 1.21 Kg/s
Max Temperature= 525 K
Constant Heat Flux= 897 W/m^2
500 KW
Inlet View

Outlet View
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Velocity:

Temperature: Outlet View
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Simulation of the Flow Field of Water over the Stainless Steel Chamber
Assuming the Use of a Cooling Jacket
Mass Flow Rate 1.21 Kg/s
Max Temperature= 445 K
Constant Heat Flux= 687000 W/m^2
383 KW
Initial Temperature 273 K of Water
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Simulation of the Flow Field of Water over the Stainless Steel Chamber
Assuming the Use of a Cooling Jacket
Mass Flow Rate 2.5 Kg/s
Max Temperature= 412 K
Constant Heat Flux= 897 W/m^2
500 KW
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Velocity:

Temperature: Outlet View
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Simulation of the Flow Field of Water over the Stainless Steel Chamber
Assuming the Use of a Cooling Jacket
Mass Flow Rate 2.5 Kg/s
Max Temperature= 386 K
Heat Flux= 687000 W/m^2
383 KW
Inlet Vie:

77

Velocity:
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Simulation of the Flow Field of Water over the Stainless Steel Chamber
Assuming the Use of a Cooling Jacket
Mass Flow Rate 2.8 Kg/s
Max Temperature= 350 K
Heat Flux= 687000 W/m^2
383 KW
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